Despite recently reported associations between air pollution and acute psychiatric outcomes, the association with depression onset has not, to our knowledge, been previously examined. We conducted a prospective cohort study among 41,844 women in the Nurses' Health Study, in the United States. The women had an average age of 66.6 (standard deviation, 7.6) years, were depression-free in 1996, and were followed through 2008. MaySeptember ozone exposures were predicted by interpolating concentrations from the 5 nearest monitors. One-, 2-, and 5-year average concentrations of particulate matter with an aerodynamic diameter less than or equal to 2.5 μm (PM 2.5 ) were predicted at each participant's residence using a spatiotemporal model. We defined depression as report of doctor's diagnosis or use of antidepressant medication. We estimated adjusted hazard ratios with timevarying Cox models. Hazard ratios for both pollutants were elevated (per 10-parts-per-billion increase in ozone, hazard ratio (HR) = 1.06; 95% confidence interval (CI): 1.00, 1.12; per 10-μg/m 3 increase in 1-year PM 2.5 , HR = 1.08; 95% CI: 0.97, 1.20). Associations were stronger when only antidepressant use was used to define cases (for ozone, HR = 1.08; 95% CI: 1.02, 1.14; for PM 2.5 , HR = 1.12; 95% CI: 1.00, 1.25). To our knowledge, these results represent the first identification of a possible association between both long-term ozone and PM 2.5 exposure and depression onset. Although the stronger association specifically with antidepressant use may reflect that this endpoint better captures the onset time and milder cases, our findings should be interpreted with caution. air pollution; depression onset; Nurses' Health Study; ozone; particulate matter Abbreviations: CI, confidence interval; MI, myocardial infarction; NHS, Nurses' Health Study; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm; ppb, parts per billion; SD, standard deviation.
Major depressive disorder has consistently been identified as a key contributor to the global disease burden and has increased in prevalence (1) . The disability-adjusted life years attributable to major depressive disorder increased by 37% between 1990 and 2010, and major depressive disorder was the 11th leading cause of disability-adjusted life years globally and the 5th in North America (1) . Depression has also been linked to decreased work productivity and lost labor time (2, 3) and lower quality of life (4) . In the United States, the age-standardized prevalence of depression was 9.1% in 2008, with higher estimates in the Southeast (5) . The prevalence of depression and depressive symptoms of clinical significance is greater among women (5, 6) .
Recent studies have reported adverse associations between air pollution exposures and the nervous system (7) and decreased cognitive function (8, 9) . More recently, there has been increasing interest in whether air pollution affects mental health (10) , and air pollution exposures have been found to cause depression-like behaviors in animal studies (11, 12) . A few studies have reported associations between air pollution and suicide (13, 14) or elevated anxiety (15) . Consistent with these findings, many time-series studies examining acute associations have reported increased depression-related hospital admissions with increasing pollution levels (16) (17) (18) . The associations between short-term air pollution exposures and depressive symptoms specifically, and not depression-related admissions, however, have not been consistent (19, 20) . On the other hand, there is reason to suspect that longer-term air pollution exposure would be of relevance for depression.
Extensive experimental and epidemiologic data over several decades indicate an association between longer-term exposure to air pollution and cardiovascular disease, stroke, and cardiovascular risk factors such as local and systemic inflammation, increased blood viscosity and pressure, atherosclerosis, and impaired vascular tone (21) (22) (23) (24) . Many of these cardiovascular risk factors, in turn, have been found to predict depression (25, 26) . To our knowledge, the association between long-term air pollution exposure and onset of depression has not yet been examined. Identification of modifiable risk factors for depression onset, such as air pollution, would provide the basis for targeted regulations and interventions.
In the current study, we investigated the association between exposures to summer ozone and particulate matter with an aerodynamic diameter less than or equal to 2.5 μm (PM 2.5 ) over the prior few years and onset of depression among a nationwide cohort of mid-life and older women, between 1996 and 2008.
METHODS

Data collection
Study population. The Nurses' Health Study (NHS) is a prospective cohort of women; in 1976, 121,701 married registered nurses between the ages of 30 and 55, living in 11 states, were enrolled. As of the mid-1990s, at least 10 participants lived in each of the 48 continental states. Biennial questionnaires are mailed to all participants, with a response rate >90% for each cycle (27) . Questions regarding antidepressant use were first included on the 1996 questionnaire (baseline for this analysis); the 5-item Mental Health Inventory was first included in 1992 and was repeated in 1996 and 2000. In 2000, participants were asked whether they had ever received a depression diagnosis by a physician and, if so, the year of the diagnosis (1996 or earlier, 1997-1998, 1999, or 2000 or after) .
In order to exclude women with depression prior to 1996 (baseline), we excluded participants who had reported antidepressant use in 1996 or earlier or who had an abbreviated Mental Health Inventory score ≤52 (indicative of severe depression symptoms) on either the 1992 or 1996 questionnaire. We further excluded women who, when asked on the 2000 questionnaire, either reported physician-diagnosed depression prior to 1996 or were missing information on their depression history. We further excluded women with incomplete information regarding their depressive symptoms in 1992 or 1996. Our baseline population, therefore, consisted of women with complete depression and exposure information between 1996 and 2000 and who were free of depression at baseline. Information about diagnosis by a physician/clinician and use of antidepressant medication was updated every 2 years thereafter.
High prevalence of depression has been reported among patients with several conditions, such as cancer (28, 29) , myocardial infarction (MI) (30, 31) , and stroke (32, 33) .
Given the association between air pollution exposure and these outcomes (23, 34, 35) and to reduce potential outcome misclassification, we censored subjects that developed any of these conditions during follow-up in a time-varying manner, (i.e., at the cycle before the first report of these conditions).
Our analyses were approved by the Institutional Review Board of the Brigham and Women's Hospital and the Human Subjects Committee of the Harvard T.H. Chan School of Public Health. The nurses provided implied informed consent by completion and return of each questionnaire.
Outcome definition. We defined as depression onset the first report of either a physician diagnosis or use of antidepressant medication, as previously described for this cohort (36, 37) . In secondary analyses to determine whether our results varied by case definition, we repeated analyses using only the first report of doctor diagnosis or the first report of use of antidepressant medication, separately, to define incident cases. For each of these separate analyses we allowed for overlap across definitions (e.g., in the analyses using antidepressant medication use as the outcome, we did not censor subjects that received a doctor's diagnosis prior to antidepressant use). We also ran sensitivity analyses in which we did censor subjects who reported a doctor's diagnosis before use of antidepressant medication when antidepressant use was the outcome (and vice versa).
Exposure assessment. All residential mailing addresses for NHS participants, updated every 2 years, have been geocoded to obtain latitude and longitude. To assess exposure to PM 2.5 , we predicted monthly PM 2.5 concentrations at the residence of each participant, using a nationwide spatiotemporal model (38) . Briefly, this model uses a generalized additive model to predict monthly PM 2.5 concentrations based on data from governmental and research monitoring networks together with geographic information systembased covariates, such as population density, proximity to nearest roads, urban land use, elevation, weather variables, and point-source emissions. We calculated time-varying 1-, 2-, and 5-year average PM 2.5 exposures.
To assess exposure to ozone, we used monitoring data from the US Environmental Protection Agency's Air Quality System database (39) . Data from up to 5 monitors were used to estimate monthly averaged ozone concentrations at each participant's residential address. We included participants with at least 1 monitor within 50 km (30 mi) of the participant's house (22), and we allowed monitors within 200 km (120 mi) to contribute information. We then calculated a weighted monthly average from these monitors for each participant's home, using as weights the squares of the distances between the home and each of the monitors. We were only able to assess ozone concentrations averaged across the summer months (May-September) as time-varying exposures, because ozone concentrations are not available throughout the year at many locations.
Both ozone and PM 2.5 time-varying exposures were assigned at the beginning of each 2-year cycle during which case status was determined.
Covariates. Information on potential confounders is available at each cycle (every 2 years), and information on diet is collected every 4 years. Covariate information was reassigned for all participants at the beginning of each 2-year cycle. Specifically, we adjusted for calendar year and month at questionnaire return (to control for long-term and seasonal trends), census region (Northeast, Midwest, West, and South), and living in a Metropolitan Statistical Area (yes/ no). Further, we adjusted for other variables that could also act as potential confounders or surrogates for known confounders such as socioeconomic status, which we selected using directed acyclic graphs (DAGs) (40) . Specifically, we controlled for race (white: yes/no), physical activity (metabolic equivalent hours/week), body mass index (calculated as weight (kg)/height (m) 2 ), pack-years of smoking (as number of packs/day times the number of years of cigarette smoking, continuous), smoking status (current/former/never), dietary habits (using a continuous cumulative summary score based on the Alternate Healthy Eating Index, which incorporates alcohol consumption (41)), multivitamin intake (yes/ no), participation in social groups (yes/no), and baseline abbreviated Mental Health Inventory score (continuous). To adjust for individual-level socioeconomic status, we included information on the educational level of the participants, the education of both their parents when the participant was 16 years old, marital status, and husband's education, if applicable. To adjust for community-level socioeconomic status, we used information from the US Census 2000 on tract-level median household income and house value as well as population density. We used missing indicators to handle missing covariate observations. Other than 14% missing observations for husband's education, which includes observations of nonmarried participants, all covariates had ≤1% missing values. All reported results refer to models adjusting for the above covariates unless otherwise specified.
Data analysis
We used time-varying Cox proportional hazards models, using proc phreg in SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina), to assess the association between ozone and PM 2.5 exposures and onset of depression, using questionnaire cycles since baseline as the time metameter. Participants contributed person-time starting in June 1996 until depression onset, death, loss to follow-up, or end of follow-up (May 2008), whichever occurred earliest. We estimated hazard ratios and 95% confidence intervals, stratified by age in years.
We assessed potential deviations from linearity in the outcome-exposure association using penalized splines. To examine potentially varying associations by region (due to regional differences both in particle composition (42) and depression prevalence (5)), we also examined potential effect modification by census region. Finally, to account for any potential copollutant confounding, we repeated analyses including both ozone and 1-year PM 2.5 exposures in the model simultaneously.
Cardiovascular-related disorders could be mediators in the causal pathway between air pollution and depression. In a sensitivity analysis, therefore, we included in our models selfreported hypertension, hypercholesterolemia, physiciandiagnosed diabetes, and family history of MI to assess the impact of their inclusion in the estimated associations. We also repeated analyses without censoring subjects for cancer, MI, or stroke.
All hazard ratios are presented per 10-parts-per-billion (ppb) increase in ozone concentration or per 10-μg/m 3 increase in PM 2.5 concentration, for comparison with other air pollution studies. All statistical analyses were conducted using SAS, version 9.3 (SAS Institute, Inc.), and R, version 3.0.3 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
We identified 41,844 NHS participants that satisfied our criteria for inclusion in the baseline population in 1996. The average age of the participants was 66.6 (standard deviation (SD), 7.6) years. During follow-up, we identified 5,003 incident cases (12.0%) who reported either receiving a doctor's diagnosis or initiating use of antidepressant medication. The average summer ozone concentration was 31.9 (SD, 5.3) ppb and the average 1-year PM 2.5 was 12.6 (SD, 2.9) μg/m 3 ( Table 1) . We observed a low correlation between ozone and PM 2.5 (r = 0.13). We observed a decrease in PM 2.5 concentrations during follow-up (from 13.1 (SD, 3.0) μg/m 3 in 1996 to 11.7 (SD, 2.5) μg/m 3 in 2008). We did not observe a decreasing trend in ozone concentrations (30.9 (SD, 4.9) ppb in 1996 and 31.9 (SD, 4.4) ppb in 2008).
We observed an increase in reported incident cases over the number of participants at risk in the first cycles (from 2.5% in 1998 to 3.2% in 2002) and a decrease after that (1.9% in 2008). We observed regional differences in the cumulative incidence across regions, ranging from 10.7% in the Northeast to 12.5% in the Midwest. The pollutant concentrations also varied across regions, with highest levels in the Midwest and lowest levels in the South for both ozone and PM 2.5 ( Table 2) .
In our main analysis, defining depression onset as the first report of either doctor diagnosis or antidepressant use, we observed increased hazard ratios for exposures to both ozone and PM 2.5 (Table 3) . We observed similar hazard ratios for 1-and 2-year PM 2.5 exposures, but the association with 5-year PM 2.5 exposure was attenuated. We observed no deviations from linearity for any exposure in analyses using penalized splines.
When we included ozone and 1-year PM 2.5 in the same model, the results for ozone did not change, but the PM 2.5 effect estimates were slightly attenuated. Specifically, we found a hazard ratio of 1.06 (95% confidence interval (CI): 1.00, 1.12) per 10-ppb increase in ozone and a hazard ratio of 1.06 (95% CI: 0.95, 1.18) per 10-μg/m 3 increase in PM 2.5 .
Regional analyses
We observed no evidence of effect modification by census region for any exposure (Figures 1 and 2 ). For ozone exposures, the highest hazard ratio was observed in the Midwest (per 10-ppb increase, hazard ratio = 1.15; 95% CI: 0.97, 1.36), while for 1-year PM 2.5 the highest was in the South (per 10-μg/m 3 increase, hazard ratio = 1.13; 95% CI: 0.87, 1.48). We also repeated analyses, assessing whether air pollution exposure was associated with first report of a doctor diagnosis or antidepressant use separately. We identified 2,405 (5.7%) incident cases for doctor's diagnosis and 4,516 (10.8%) for antidepressant use. The highest incidence was observed in the Midwest and the lowest in the Northeast for both doctor's diagnosis and antidepressant use ( Table 2) .
We observed no association between air pollution and first reported doctor's diagnosis (Table 3) . We observed an effect modification by region for the association between ozone and doctor's diagnosis (P = 0.03, Figure 1 ). Although we observed some variation in the associations across regions according to PM 2.5 exposure, these differences were small (Figure 2 ).
Antidepressant use
We observed the highest effect estimates when depression was defined as incident antidepressant use (Table 3) . Specifically, we found a hazard ratio of 1.08 (95% CI: 1.02, 1.14) per 10-ppb increase in ozone and a hazard ratio of 1.12 (95% CI: 1.00, 1.25) per-10 μg/m 3 increase in 1-year PM 2.5 . We observed no effect modification by region for either pollutant (Figures 1 and 2 ).
Sensitivity analyses
Adjusting for cardiovascular-related variables (hypertension, hypercholesterolemia, diabetes and family history of MI) or antianxiety medication use did not change the estimated hazard ratios (Appendix Table 1 ). Not censoring participants who had had stroke, MI, or cancer resulted in somewhat attenuated effect estimates (Appendix Table 2 ).
DISCUSSION
We conducted a nationwide, prospective cohort study to assess the association between air pollution exposures and onset of depression among middle-aged and older women. Our findings suggest modest increased risks for depression onset for both ozone and PM 2.5 exposures. Although modest, increases of similar magnitude are commonly observed for long-term air pollution exposures and other outcomes, such as mortality (43, 44) . Given the widespread exposure to ozone and PM 2.5 , even modest increases are of great population relevance. Although both the cumulative incidence and pollutant concentrations varied by census region, the observed hazard ratios did not vary across regions. Mutually adjusting for ozone and PM 2.5 did not materially change the observed hazard ratios.
The association between air pollution and mood disorders and mental health has received increasing interest in the scientific literature. Two recent European studies have reported that increases in air pollution are negatively associated with selfreported happiness (45) , with high related costs (46) . Timeseries studies of acute events have linked higher air pollution levels with increases in suicides (13) and depression-related admissions (18) . Lim et al. (19) found PM 10 and ozone exposures to be strongly associated with depressive symptoms among the elderly, while Wang et al. (20) reported a protective association between PM 2.5 and depressive symptoms.
Findings from toxicological studies support our findings of an association between air pollution and depression. Fonken et al. (11) found that exposure to PM 2.5 is associated with increased depression-like responses in mice, while Mokoena et al. (12) reported anxiety and depression-like behavior in rats following chronic ozone inhalation. Jones and Thomsen (47) , in a review article, reported that increases in proinflammatory cytokines result in behaviors that are related to psychiatric disorders in animals, such as social withdrawal. Air pollution has been consistently associated with increases in proinflammatory markers in the blood (48) . Air pollution exposures have also been found to increase systemic oxidative stress (49, 50) , which in turn is known to play an important role in psychiatric disorders such as depression (51, 52) .
In our results, the association with air pollution was apparent for incident use of antidepressant medication rather than for doctor's diagnosis of depression. Antidepressant use has significantly increased in the last 2 decades (53, 54). Moreover, there has been a significant increase in prescription of antidepressants by primary care physicians without a psychiatric diagnosis, from less than 60% of the total prescriptions for antidepressants in 1996 to 73% in 2007 (55, 56) . Mojtabai and Olfson (56) reported that a very large, and still growing, proportion of prescriptions for antidepressant medication occurs during medical visits without giving an accompanying clinical psychiatric diagnosis, which they suggest is attributed to milder types of depression. To the extent that these prescriptions are capturing the onset of depression (among persons who get a doctor's diagnosis either later or not at all), then this could, at least in part, explain the observed null association with incident doctor's diagnosis and the weaker effect estimates in the analysis using the combined indicator of diagnosis or antidepressant use as the outcome. We cannot, however, rule out the possibility that this finding is due to chance. It is also possible that antidepressants are being prescribed for other conditions, and our results could reflect an association between air pollution and those other conditions. In our main analyses, however, we censored NHS participants who developed cancer, MI, or stroke. In the sensitivity analyses including these subjects, the observed effect estimates were attenuated. Associations between air pollution and these conditions, therefore, likely do not account for our findings.
Strengths of our study include the very large nationwide cohort, well-validated spatiotemporal models for PM 2.5 exposure, and extensive individual-level covariate data. Nonetheless, our findings should be interpreted in light of some limitations. Outcome assessment was based on self-report and therefore some misclassification is likely both for doctor's diagnosis and antidepressant use. Any such misclassification, however, is expected to bias our results towards the null. Exposure measurement error is also likely and is expected to be higher for ozone, for which interpolated monitor concentrations were assigned for NHS participants, than for PM 2.5 , for which a spatiotemporal model was used and concentrations were predicted at each participant's residence (57) . Exposure measurement error, however, is also expected to bias our results towards the null (57) . An additional limitation is lack of information on the precise timing of depression onset in a 2-year cycle, potentially contributing to exposure error. Although residual confounding cannot be excluded, NHS is a rather homogeneous population with detailed information on individual-and community-level factors as well as lifestyle factors for which we have controlled in our analyses. Retirement status, which is available only in 1996 and 2000, could also be a confounder. However, air pollution levels were lower among retired participants in both these years (results not shown), and some data suggest that retirement is a possible risk factor for depression (58) . Any resulting bias, thus, would likely bias our results downwards. Finally, our findings might not be generalizable to the general population; our cohort is composed of middle-aged and older women, among whom, in general, depression is more prevalent (5, 6) .
In conclusion, we conducted a nationwide, prospective cohort study to assess the association between exposure to PM 2.5 and ozone and depression onset. Our findings suggest that both ozone and PM 2.5 exposures are potential risk factors for depression and, specifically, incident antidepressant use. Our results could lend further support for the role of air pollution in neurobehavioral disorders. was supported by a training grant from the National Institutes of Health (grant T32 ES007069) and M.C.P. by a training grant from the National Institute on Aging (grant T32 AG027668).
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